C
arbonates are key phases in the chemistry and dynamics of our planet (1) (2) (3) . Mass balance considerations and direct observation of inclusions in diamonds (4-6) strongly support the idea that carbonates are stable phases within the Earth's interior, especially in oxidized environments, such as deep subduction zones. While recent investigations on diamonds support the idea that the global carbon cycle extends to the deep Earth (7), the fate of Ca-rich carbonate with complex chemistry is still poorly known (8) . Indeed, the knowledge of the transformation of carbonates in the mantle transition zone and lower mantle would constitute the missing link to complete our knowledge of the C-cycle.
It has long been known that carbonates are transferred from ocean reservoirs through subduction processes (9) and, depending on pressure, temperature, and composition, they undergo chemical variation and decomposition processes. In particular, at shallow depths, and depending on Ca content, carbonated eclogites contains coexisting assemblages of dolomite þ magnesite or dolomite þ calcite, or, at relatively high pressure, aragoniteþ magnesite (10) . At higher pressures, experimental studies have shown that the double carbonate dolomite, CaMgðCO 3 Þ 2 , decomposes into the denser aragonite ðCaCO 3 Þ þ magnesite ðMgCO 3 Þ phase assemblage at Earth's mantle pressures and temperatures (11, 12) . For this reason, much of the recent research effort has been dedicated into the investigation of the phase behavior of the pure Ca and Mg end-member components (13, 14) . The presence of Fe, through the sideritic (FeCO 3 ) component, has been recognized to modify the phase relationships of carbonates at high pressures and temperatures significantly (15) , and it stabilizes, at least at moderate pressures (16) , ternary Ca-Mg-Fe carbonates. In more complex systems, representative of a carbonated subduction slab composition, the occurrence of the so-called Mg-or Mg-Fe-calcites is also observed systematically (17, 18) . These phases quite clearly deviate from pure aragonite composition, and their compositional field extends from the calcite to the dolomite-ankerite join. These phases still have not received an appropriate structural interpretation, especially under the key conditions that are relevant to deep Earth processes.
It has been pointed out (19) that double carbonates, and in particular dolomite, could transform to a significantly denser phase at high pressure with a volume comparable, and therefore thermodynamically competitive, to the assemblage of aragoniteþ magnesite. In such a case, thermodynamic considerations would imply that the high-pressure form of dolomite is the stable phase. Furthermore, entropic contributions could prove to be significant and favor a single phase with dolomite composition, especially at high temperature when cation disorder processes are likely to be activated, whereby decreasing the free energy of the system. Yet all this possible speculation must be based on very robust structural data. It is obvious that in the absence of precise structure refinements, or even structure determinations, the estimation of density at high pressure could be erroneous and then lead to significant misinterpretation.
We report the crystal structures of two high-pressure polymorphs of dolomite observed above 17 GPa and 35 GPa. The occurrence of two polymorphs of dolomite in a similar pressure range has also been reported recently for a dolomite with a composition of CaðMg 0.92 Fe 0.08 ÞðCO 3 Þ 2 (20) . We investigated a more Fe-enriched sample, by means of single crystal synchrotron X-ray micro-diffraction, applying a newly developed setup, well-suited for structural determination at extreme pressures and after multiple phase transitions (21) (22) (23) . Single crystals from natural Fe-rich dolomite, CaMg 0.6 Fe 0.4 ðCO 3 Þ 2 , were compressed in diamondanvil cells (DACs) up to 60 GPa in a quasi-hydrostatic Ne environment. The same material was also laser heated in DACs in several separate experiments at pressures up to 70 GPa and temperatures over 2500 K. The samples were analyzed in situ and after decompression by means of X-ray diffraction and Raman spectroscopy in order to determine the thermodynamic stability of representative structures at high pressures and temperatures (Table S1) .
Results Dolomite-II. On compression at ambient temperature, the rhombohedral dolomite structure (Fig. 1A) was observed up to 17 GPa, in line with other very recent results (20) . Above this pressure, the transition to a high pressure polymorph, CaMg 0.6 Fe 0.4 ðCO 3 Þ 2 -II, is observed. All the diffraction peaks can be indexed with a triclinic unit cell, and no higher symmetry cell is detected from experimental unwarped precession-like images. We have solved the structure by a combination of the charge flipping algorithm and difference-Fourier analysis (24, 25) in order to locate all the atoms in the P1 space group. Dolomite-II contains 4 formula units in the primitive cell, with two independent divalent cation sites (Tables 1 and 2 and Table S2 ). From refined bond distances and cation occupancies, it is apparent that the original cation ordering between Ca and (Mg þ Fe) of dolomite is maintained. The crystal structure remains characterized by co-planar CO 3 groups (Fig. 1B) . Barring the different chemistries, the structures of dolomite-II and monoclinic calcite-II (26) are topologically identical (Fig. S1 ). The ordered substitution of (Mg 0.6 Fe 0.4 ) over one half of the Ca 2þ sites in calcite-II is sufficient on its own to reduce the overall symmetry of the unit cell to P1 and results in a dolomite-II-like lattice and site distribution. The main difference from the room pressure structure, and from the calcite-II structure, comes from a change in coordination polyhedra occupied by Ca, from coordination number (C.N.) 6 to 8, while the other coordination polyhedra remains in C.N. 6. No volume variation, within experimental accuracy, is observed upon transformation ( Fig. 2A) , an indication of the displacive nature of the transition. Dolomite-III. CaMg 0.6 Fe 0.4 ðCO 3 Þ 2 -II is observed to pressures of up to 35 GPa, whereupon a phase transition is observed. The diffraction peaks of the CaMg 0.6 Fe 0.4 ðCO 3 Þ 2 -III phase were necessarily indexed with a larger triclinic cell, and no higher symmetry lattice can be used to index all the single crystal diffraction spots. The observed volume variation on transition is about 3%, an indication of a probable first order transition. The structure has also been solved by the charge flipping method and Fourier analysis. CaMg 0.6 Fe 0.4 ðCO 3 Þ 2 -III, P1 (Fig. 1C) , has 8 dolomite formula units and 80 atoms in the unit cell. The crystal structures of the two high-pressure polymorphs are different, and CaMg 0.6 Fe 0.4 ðCO 3 Þ 2 -III could not be considered a simple distortion of dolomite-II. Significantly, the CO 3 groups are no longer co-planar, and some of them edge-share with the large Ca and Fe cation coordination polyhedra (C.N. 7-9). It can be further noticed that a few of the C atoms in the structure are actually displaced from the plane defined by the three nearest oxygens. Some of the C atoms are also present at a next-nearest O distance of C…O ¼ 2.0-2.2 Å (at 55 GPa), and then they must be consid- ered as contributing to the bonding environment of these displaced C sites. This feature is more evident if we consider the evolution and the extrapolation of the C coordination at higher pressures ( Fig. 2B ). In the structure there are 8 nonequivalent C sites, each of them presenting a slightly different 4th C─O distance (Table 1 and Table S3 ). We can, therefore, speculate about the possible coexistence in the structure, within a large pressure range, of both triangular and tetrahedral coordination for C atoms. It is worth noting that such features are not unusual and are present in stable, high-pressure polymorphs of borates, in the REEðBO 3 Þ phases in particular (27, 28) . The presence of Fe in the structure can reduce the cation-size misfit between Ca and Mg, as in pure dolomite, and may play an important role in stabilizing high-pressure polymorphs over a wider P and T range.
The presence of nonplanar CO 3 groups and the [3 þ 1] quasi-tetrahedral coordination of carbon atoms, show that CaMg 0.6 Fe 0.4 ðCO 3 Þ 2 -III is developing features expected for ultrahigh-pressure carbonates, predicted by computational methods (14, (29) (30) (31) . These results can, therefore, confirm the crystallochemical trend towards an increased C coordination number in carbonates at high pressure. Moreover, the extrapolated variation of the determined C─O bond lengths as function of pressure indicates that, above 80-90 GPa, regular tetrahedral coordination will form, in line with the predicted pressure for this observation of this structural feature (14, 29, 30) .
Discussion
Relationship with Previous Studies. In order to properly describe the high-pressure evolution of dolomite structure, and to appropriately compare our structure determination with previous reported works (19, 20) (Table S4) , it is useful to also refer to the high-pressure polymorphism observed in CaCO 3 (23, 26, 32) . The crystal structures of the high-pressure polymorphs CaCO 3 , CaCO 3 -II and CaCO 3 -III are all based on the presence of triangular CO 3 groups. While in CaCO 3 and CaCO 3 -II the CO 3 groups are co-planar in the structure, CaCO 3 -III presents a significant modification of the structure, with the CO 3 groups no longer parallel. The transition CaCO 3 to CaCO 3 -II is displacive, and both structures are closely related by a minimal distortion. The transition CaCO 3 -II-CaCO 3 -III, on the contrary, presents a volume discontinuity, CO 3 group tilting and strong Ca coordination polyhedra distortion (23) The
-II is based on the assumption that the orthorhombic unit cell contains 3 formula units (Z ¼ 3). However, it is possible to derive a different formula unit content, based on our structure determination. There is, in fact, a common subcell between orthorhombic lattice reported in ref. (20) and the currently reported triclinic lattice. Matrix reduction of the orthorhombic lattice in ref. (20) to the common sublattice allows us to specify exactly the actual number of formula units, Z ¼ 8∕3, in a cell with the dimensions proposed in ref. (20) . The number of formula units per volume is then used to obtain a corrected density or Z-normalized volume (SI Text). Furthermore, the powder pattern reported in ref. (20) (23) , for example, suggest that CaCO 3 -III can form closely related, but crystallographically different, structures. The extent to which this occurs in dolomite as a function of composition remains to be determined.
Stability of Fe-Bearing Ca, Mg-Carbonate at Earth's Lower Mantle
Conditions. The results reported in the current work identify an unexpected complexity in carbonate polymorphism, which suggest that the thermodynamic phase stability of Fe-bearing Ca, Mg-carbonates must be also reinvestigated.
Dolomite is known to undergo a decomposition into aragonite þ magnesite above 2 GPa at moderate temperature, and the field of coexistence opens towards high temperature with increasing pressure. The assemblage aragonite þ magnesite is considerably denser than dolomite. As there is no significant change of density upon transition from dolomite to dolomite-II ( Fig. 2A) , it can therefore be expected that, even at high temperature, a mixture of the pure end-members will remain thermodynamically favored. This scenario, however, changes drastically when the dolomite-III structure is stabilized. In fact the density of this phase is demonstrably comparable to the density of the mixture aragonite þ magnesite (also taking into account the FeCO 3 component), and that the entropy of dolomite-III must be expected to play a major role, especially at high temperature, where competing stabilities of the two-phase mixture and dolomite-III will be influenced by the larger number of atoms, the low symmetry, and the number of independent cation sites. The configurational and vibrational entropy will be therefore increased and, with comparable densities under these conditions, dolomite-III is stabilized over the aragonite-magnesite mixture.
To illustrate the stability of dolomite-III at Earth's lower mantle conditions, we performed two different experiments. In the first one, we compressed a single crystal of dolomite to 43(1) GPa, in order to transform the starting material into dolomite-III, and then heated the sample to 2600(100) K (see Materials and Methods). The sample reached the melting point, as evidenced by the formation of a particle with spherical shape (Fig. 3A) and the absence of diffraction spots during in situ data collection. After temperature quench, we observed the crystallization of a single crystal domain, which transformed, after pressure quench, to an indexable single crystal of dolomite with no indication of decomposition evident (Fig. 3B) . The second experiment has been conducted using Raman spectroscopy to detect phase stability, or decomposition, of dolomite along a lower mantle geotherm (Fig. S2) . In separate loadings, we compressed single crystals of dolomite to several pressures, then laser-heated to 2,000-2,400 K (Fig. S3) . On quenching, we observed decomposition of all the samples laser-heated at pressures below approximately 35 GPa. On the contrary, all the samples heated at higher pressures, backtransformed into the original dolomite structure, revealing that the unquenchable dolomite-III structure is indeed a stable highpressure, high-temperature polymorph. Thus, we have this important primary evidence that single-phase complex carbonates with intermediate composition in the dolomite-ankerite binary join do not decompose at lower mantle conditions and may constitute fundamental accessory phases in lower mantle. Our results are also in agreement with experimental results obtained in a Fe-poor dolomite system (20) .
Clearly, the occurrence of carbonates depends not only on the thermodynamic stability of a discrete and isolated phase, but also on the bulk composition of the petrologic system. In carbonatedprimitive lower mantle, polymorph(s) of ðMg; FeÞCO 3 are likely the only possible occurring carbonate phase(s) and their actual presence will depend, mostly, on red-ox conditions (3, 33) . On the other hand, in subduction processes, so important for the transfer of C into the upper mantle, slabs are Ca-enriched and the environment is more oxidized than the surrounding mantle. In these petrologic systems, Ca-bearing carbonates can be stabilized.
Yet, the coexistence of CaCO 3 þ MgCO 3 phase assemblages requires that CaCO 3 must be thermodynamically stable in the basaltic/eclogitic system. In fact, any reaction between carbonates and silicate phases (CaCO 3 þ SiO 2 ¼ CaSiO 3 ðpvÞ þ CO 2 ) would lead to a pristine decarbonation. The stability of dolomite-III, on the contrary, is expected to promote the incorporation of Ca in a carbonate phase, with the fundamental consequence of increasing the possibility of carbon storage and transport in the subducting plate. The fate of carbonate is still poorly understood (8, 34 ), yet our study demonstrates that, at lower mantle conditions, a single phase with intermediate composition in the ternary carbonate system is actually favored with respect to the end-member decomposition mixture. This, taken together with the results on relatively Fe-poor (20) compositions, shows evidence of the possible wide chemical variation in Fe-dolomites at lower mantle pressures and temperatures. The recent solution of the CaCO 3 -III structure (23), which possess a structure similar to that of dolomite-III, suggests the possibility that a continuous solid solution from CaCO 3 end member to the dolomite-ankerite compositional join can, and is likely, to establish in the Earth's mantle.
Such a complex composition would adopt the dolomite-III structure and would constitute the primary C-carrier in subduction processes, through the mantle transition zone and into the lower mantle.
Stagnant slabs below the transition zone are expected to participate in different fundamental petrological and geochemical processes, such as carbonatitic melt formation and red-ox reactions (7, 33) . In this scenario the dolomite-III polymorph and related structures are of fundamental importance for understanding all the chemical reactions occurring in lower mantle that determine carbon residence time and affect transfer process between the different geochemical reservoirs involved in the deep global carbon geochemical cycle, which has been also shown to extend to the whole mantle (7). and Fourier difference analysis, in order to locate all the remaining atoms in the structure. To solve crystal structure of dolomite-III, we merged two different datasets, collected on two crystals (with different crystallographic orientation) in the same DAC at the same pressure, in order to increase reciprocal space coverage. We succeeded in having about 50% of coverage up to 0.8 Å resolution. Crystal structure refinements have been performed without any crystallographic constraint. High-pressure and high-temperature experiments have been performed with the portable laser heating system that has been designed and developed specifically for single-crystal diffraction studies (21) . Raman spectroscopy measurements were conducted at BGI using Dilor XY system (Ar-laser with an excitation wavelength of 514 nm, x50 objective and 2 cm −1 resolution).
